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ABSTRACT
Extreme Ultraviolet (EUV) sources rely on droplet laser plasmas for EUV generation.
These sources consist of a small (30 µm diameter) droplet which is excited into plasma emitting
EUV around 13.5 nm, the industry’s chosen wavelength for EUV lithography (EUVL). These
sources are the best candidates for the commercialization of EUVL allowing mass production of
computer chips with 32 nm or even smaller feature size. However, the biggest challenges which
EUV source developers encounter today are the issues of conversion efficiency (CE) and debris.
In order to satisfy the technology requirements, the source will need to meet high levels of
stability, performance, and lifetime. Our tin-doped droplet plasma has demonstrated high CE
and low debris resulting in long lifetime. Long term stability is obtained through the use of
novel tracking techniques and active feedback.
The laser plasma targeting system combines optical illumination and imaging, droplet
technology innovation, advanced electronics, and custom software which act in harmony to
provide complete stabilization of the droplets. Thus, a stable, debris-free light source combined
with suitable collection optics can provide useful EUV radiation power. Detailed description of
the targeting system and the evaluation of the system will be presented.
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CHAPTER 1:

INTRODUCTION

1.1. EUV Lithography
Semiconductor industry continuously demands faster and denser devices needing smaller
feature size in integrated circuits and increasing the transistor density per microchip. Thus, since
1965 Gordon Moore’s empirical observation has been able to determine this tendency, doubling
the transistor density in a device every two years [1]. This tendency is illustrated in Figure 1.1
[1] where the transistor density has increased continuously in computer microchips since 1970.
In contrast, the reduction of feature size requires a progressive decrease in the optical wavelength
used for circuitry printing. Computer microchip manufacturing is currently reaching its limits
with conventional technology. This uses a light source of 193 nm in order to pattern a feature
size smaller than 65 nm. Therefore, to continue Moore’s Law, a new alternative method is
required.

One leading candidate is Extreme Ultraviolet Lithography (EUVL) capable of

obtaining circuitry printing patterns smaller than 32 nm size using a light source of 13.5 nm
which is in the EUV wavelength range [2].

1

Figure 1.1: Graph of computer microchip transistor quantity increase by Moore’s Law empirical
observation [1]

1.2. Conventional Lithographic Technology
The current lithography process and circuit fabrication is governed by optical projection.
The projected light is 193 nm to pattern features size smaller than 65 nm. The schematic of a
conventional lithography process is shown in figure 1.2 [3]. The illumination of the mask in this
case is produced by a single lens and the mask is formed by a reticule overlay by an absorbing
material.
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Figure 1.2: UV photolithography machine [3]

The patterns are projected onto the wafer which is coated with a photoresist film. Areas
unprotected by photoresist are etched by gases in a chemical process. This process can be called
positive resist if the area exposed to the light is soluble and negative resist if the area exposed to
the light is insoluble. Finally, the desired pattern is imaged onto the wafer. Figure 1.3 [4]
illustrates measurements of 100 nm lines with 193 nm photolithography technology. The most
important parameter that semiconductor industry tries to reduce is the line width for the optical
imaging which is given by the equation

Lw = k

λ
NA

,

(1.1)

where the numerical aperture (NA) at the wafer is inversely proportional to the line width (Lw).
The illumination wavelength (λ) and an arbitrary constant (k) measuring the contrast of the
image are proportional to Lw. These days, there is not much room for line width improvement
since the highest NA achievable value is 0.7 and 0.4 is the lowest k [2]. However, as we can see
3

from equation 1.1, the illumination wavelength is critical to calculate the minimum pattern size.
Thus, shorter wavelength such as in the EUV range will reduce the feature size considerably to
even smaller than 32 nm.

Figure 1.3: 100 nm feature size available with conventional 193nm optical lithography [4]

Another important factor in the lithography circuitry printing is the optical depth of focus
(DOF). Along the optical axis, the DOF is the longitudinal measure of the distance over which
the image is in proper focus. The DOF is given by the expression 1.2 [2], which determines how
deeply a feature can be etched into a photoresist.

DOF = ± k 2

λ

(1.2)

(NA)2

A typical value of the constant k2 is 0.5. Thus, the principal term in this equation is given
by λ/NA2. For instance, it is possible to get a total DOF of 1µm for a given λ = 157nm and
NA=0.5. In order to increase the resolution and decrease the DOF value, it is important to make
use of shorter wavelengths. This will allow considerable size reduction on semiconductor
packaging. Therefore, EUV light sources (i.e. 13.5 nm) have a bright future in the improvement
of the lithographic technology [2].
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1.3. Next Generation EUV Lithography
One of the technologies for the production of the next generation computer chip is
Extreme Ultraviolet Lithography (EUVL). The most important aspects of this new technology
are the illumination source development, the optics lifetime, and the imaging characteristics on
the wafer. EUVL is designed for circuitry printing with 32 nm or smaller feature size. Figure
1.4 [5] shows the potential of line samples for circuitry printing in the nm scale. To achieve such
a small feature size, EUVL operates with 13.5 nm, a shorter wavelength than the 193 nm used in
the conventional UV machines.

Figure 1.4: Images of 50 and 20 nm lines from an EUV exposure process [5]

In the same way than conventional lithographic machines, figure 1.5 b) shows the EUVL
machine which consists of a light source, mask, collection optics, and photoresist on the wafer
[6]. However, to utilize a short wavelength such as 13.5 nm which is very close to soft X-rays,
reflective optics must be used to collect this light since lenses can absorb this wavelength.
Figure 1.5 a) shows that multilayer mirrors (MLM) are used for this application having different
materials stacked together. EUVL mirrors are made of silicon-molybdenum (Si/Mo) which at
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13.5 nm have their maximum reflectivity. Due to this kind of radiation, mirrors need to have
quality and uniformity which is extremely important for high reflectivity and maximum profit.

a)

b)

Figure 1.5: a) Configuration of EUV light collection with multilayer coated mirrors [2] and b)
EUVL machine [6]

1.3.1. EUV Lithography Source Requirements
The biggest challenges which EUV source developers encounter today are the issues of
conversion efficiency (CE) and debris. In order to satisfy the technology requirements, the
source will need to meet high levels of stability, performance, and lifetime. Table 1.1 [7]
describes the current EUVL industry source requirements. Among the production requirements
set by the lithographic industry, the most important is the power requirement, source cleanliness
and the optics lifetime.

The power needs to be specified in terms of EUV power at the

intermediate focus (IF) of the system considering the 2% spectral bandwidth of 13.5 nm. Also,
the cleanliness needs to be specified in hours of operation. The source cleanliness is determined
by the lifetime of the collection optics in laser plasma source cases.
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Table 1: Current EUVL industry source requirements [7]

In this research we pay particular attention to the development of an efficient EUV source
architecture. Among the different methods to produce this light, discharge and laser plasma
sources are the most developed. It is always important to take different approaches in order to
compare them and take the most advantageous. Stability, lifetime, cost, and in-band power are
the most important parameters for the development of this technology. However, improvement
in some aspects of a source production can lead to disadvantages in others. The maximum inband power for a discharge source is limited by the current and thermal specifications of the
electrodes. Therefore, only CE can increase the in-band power. In contrast, the laser plasma
source is not limited to the power of the laser. A more powerful laser will increase the in-band
power. However, a very powerful laser will substantially increase the cost of the stepper
machine and maintenance. Figure 1.6 [8] illustrates the tendency in EUV source power increase
in the past years. This tendency will continue and this makes discharge plasma sources difficult
power-scale to further increase because the heat removal from the electrode and erosion of
electrode that causes shorter source lifetime.
7
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Figure 1.6: Graph representation of the increase in source power defined as in-band 2% EUV
power emitted into 2π sr at the source with the assumption of one third of the power collected at
the IF [8]

In addition, an important challenge is maintaining the EUV power for the required
lifetime (30,000 hours) [7] since the delivered EUV power can be reduced by the debris from
plasma degrading the optical components. The reflectivity of the EUV optics needs to be able to
last for the lifetime. In order to eliminate or reduce the debris, debris mitigation techniques such
as foil trap mitigation can be applied [9].

1.3.2. EUV Source Development in LPL
The Laser Plasma Laboratory (LPL) is committed to the development of laser plasma
EUV sources. The best existing way to produce the industry specified wavelength of 13.5
nanometers is by laser plasma interaction. Spectra of this wavelength source is shown and
analyzed in chapter 4. The EUV source developed at LPL uses droplet targets, which interact
with a high repetition rate pulsed laser to create the EUV light from ionization of the droplet.
8

These are mass-limited droplets having an average diameter of 30 microns and traveling at a rate
of about 20 m/s. Some of the benefits of this mass-limited droplet are reducing the amount of
debris of the system and decreasing the consumption of the target material.
EUV sources rely on droplet laser plasmas for EUV light production. These sources
consist of a small tin-doped droplet which is excited into plasma emitting EUV around 13.5 nm,
the industry’s chosen wavelength for EUV lithography. The development of EUV light sources
is essential to enable the fabrication of future computer chips generation; allowing mass
production of computer chips at 32 nm nodes and below. Figure 1.7 represents the convectional
photolithographic circuit fabrication [10] and the next generation EUVL process [11].
Current lithography process and circuit fabrication

Exposure process using EUV light

Innovation
Exposure
Process

Bright EUV light source required

Figure 1.7: Innovation Scheme from current lithographic circuit fabrication [10] to the new EUV
lithography process [11]

In order to accomplish best light source generation, CE is optimized by laser intensity,
debris is minimized at the optimum intensity, separately targeting system was prototyped in air,
and high repetition laser is used to generate high power EUV.

9

The laser needs to be

synchronized with the droplet. This is harmonized through position control on the droplet nozzle
and electronic signal manipulations on the droplet driver. The Laser Plasma Targeting System
prototype is completely computerized. Using National Instruments’ Vision software two high
resolution Charge Couple Device (CCD) cameras track the droplet images. Also, it is important
to point out that droplets are by nature unstable, tending to drift over time.

Changes on

parameters like temperature or pressure on the droplet generator can cause misalignment. Thus,
the Laser Plasma Targeting System prototype is able to accurately track the droplets and correct
the position changes.

1.4. Motivation and Goals for this Research
The goal of this research is to control and stabilize laser plasma sources in order to create
high power EUV. Through the design and prototyping of the targeting system, the following
will be demonstrated: an increase in the CE, a decrease in debris generation, and an enhancement
in optics lifetime.

This will place laser plasma source as the best candidate for

commercialization of EUVL allowing computer microprocessors at 19 GHz with feature size
smaller than 32 nm in 2009 as is shown in table 2 [12].
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Table 2: International roadmap for semiconductors volume production [12]

In the system, a small droplet is targeted by a short-pulse high energy laser. Droplets are
formed of water doped with ~30 weight % of tin chloride (SnCl2) for higher radiation emission
in the 13 nm region. These droplets are an average of 30 microns in diameter produced by a
system like-inkjet technology. The droplet driver generates a stream of about 30,000 droplets
per second if a 30 KHz signal is applied. If the laser shoots the target right in the center, the
whole droplet is ionized producing plasma in the EUV radiation. Also, different wavelengths of
light can be created controlling the laser pulse energy and the composition of the target. The
desired wavelength for EUVL is 13.5 nm. This wavelength radiation is very easily absorbed in
air.

Thus, experiments are done in a EUV vacuum chamber to guarantee maximum

transmission.
It was mentioned that the goal is to demonstrate control, stabilization, and timing
synchronization to hit the droplets at the right time and spot. However, many parameters need to
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be corrected and adjusted through a feedback loop. Therefore, this system must perform several
tasks automatically:
•

Aligning and positioning the droplet stream at precisely the focus of the laser;

•

Adjusting the frequency of the droplet generator for good droplet quality;

•

Synchronizing the timing and frequency of the laser to hit the droplet target;

•

Monitoring the resulting plasma to ensure optimal performance.

A computer will interface the control Labview software with the electronics to
synchronize the droplets with the laser and the mechanized stages in order to control the position
of the droplet nozzle. The droplets can be seen on real time through the computer monitor. The
Targeting System can compensate both temporal displacement based on droplet velocity changes
produced mainly by pressure alteration and spatial displacement due to trajectory changes. The
advantages of this system are not only to track and feedback in three dimensions, but also to
compensate for other uncertainties of the physical parameters of the target within the system
loop. In order to bring this technology much closer to commercial systems, this system must run
continuously with no interruption to produce maximum average EUV light. In addition, laser
interaction and plasma diagnostics are described and analyzed in chapter 4. Optimum EUV
emission and laser irradiation of the droplet targets at source are found with calibrated
spectroscopy in order to satisfy the source requirements.

12

CHAPTER 2:

EUV LITHOGRAPHY SOURCES

2.1. EUV Sources Overview
The light source for EUVL is mainly produced from high temperature and dense plasma
sources which can be seen in the chart of figure 2.1. Laser Plasma (LP) and Gas Discharge
Plasma (GDP) are the EUV sources able to create EUV radiation. These sources currently being
studied and developed are the most known and studied. In addition, synchrotron radiation is
another EUV source that is interesting for EUVL researchers because it provides clean, bright
radiation ideal for fundamental studies. Even though there are different sources to produce the
EUV radiation, all need to meet parallel requirements for the lithographic industry. Thus,
synchrotron source is not considered as EUVL light source candidate because of its large size
facility and maintenance cost.

Laser Plasma (LP)
(100 eV, 1020 cm-3)
Gas Discharge Plasma (GDP)
(100 eV, 1016 cm-3)

Figure 2.1: Hot-dense plasma chart containing LP and GDP EUV sources [2]
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A Laser Plasma light source utilizes a target delivery system, a short-pulse high-power
laser, and a vacuum chamber where the plasma can be created. The method of GDP in a similar
way uses a vacuum chamber; however, it needs a high power current source and the electrodes
where the discharge is produced [13].
One of the main differences of LP over GDP is that the material surrounding the plasma
is further away in an LP system, which allows a higher repetition rate of the plasma generation
providing an increase on the average EUV power. Another difference is that the EUV collection
is smaller in GDP due to the nature of the geometry of the electrodes. Only part of the radiation
can be collected and the collection solid angle is limited by the electrodes geometry. Therefore,
LP is the EUV source used in LPL to generate the EUV light from laser plasma interaction. This
plasma is produced when a material is under strong laser irradiation with intensities of more than
1010 W/cm2. Any material at these high intensities within the focus region of the laser will be
ionized becoming high temperature plasma. In order to obtain such high laser intensities, a
focusing lens with a short focal length is used. With a proper material like tin, xenon, or lithium
as the target composition material, the plasma produces EUV emissions at 13.5 nm.

2.1.1. Gas Discharge Sources
One method to produce hot-dense plasma in the EUV region is by Gas Discharge Sources
(GDS).

Plasma formation occurs after applying a large potential difference between the

electrodes. In figure 2.2 [14], a gas causes a spark discharge emitting radiation on the EUV
region. When this happens, electrons are stripped from the atoms gaining acceleration under the
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electric field. Collision with other atoms produces more ions and free electrons from the gas
creating ionized plasma.
There are many GDS configurations and they can be categorized by electrode’s geometry
and the different gases used. Among the most known are the Z-pinch discharge [15], capillary
discharge [16], and dense plasma focus device [17]. The Z-pinch discharge require cylindrical
electrodes achieving dense and hot plasma [15], capillary discharge uses ceramic capillary and
hollow electrodes where Xenon is ionized in the capillary emitting EUV radiation [16], and the
focus plasma creates plasma between two coaxial electrodes [17].
One of the most important advantages of this source is the reduced cost to create plasma.
However, electrodes and gas are a continuous source of debris. This results in an enormous
reduction of the collection optics lifetime. It is important to mention that electrodes erode and
need to be replaced after a number of discharges. Thus, electrode lifetime improvement is one of
the challenges for this technique. In addition, high voltage supply is continuously needed at high
repetition rate (10 KHz). Voltages can be in the range of 1 to 10 KV and also current in the KA
scale which lead to important issues on thermal dissipation in the electrodes and power supply.
Some of these issues need to be solved to take this technology to the next level on the EUVL
industry.

15

Figure 2.2: Gas Discharge Plasma source configuration [14]

2.1.2. The Laser Plasma Source
LP sources are produced focusing the laser beam onto a small surface. In order to create
hot-dense plasma, high laser intensity is irradiated onto the target. The target material is ionized
and plasma is produced. Thus, the plasma temperature and its characteristics are factors of the
laser intensity and the target material. These properties make the laser a tool which can control
and produce plasmas in a very wide range of density and temperatures. Figure 2.3 [18] shows a
typical set up for plasma formation and the next section explains this mechanism more in depth.
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Figure 2.3: Laser Plasma source configuration [18]

2.1.2.1.

Plasma Formation
The use of lasers has revolutionized the creation of plasmas. The ability to irradiate a

material at a high intensity generates hot-dense plasmas easily. The material surface is heated,
vaporized, and ionized by the high intensity laser light to create typically fully ionized gas region
on the surface, where radiation is produced by electron transitions within the energy levels in
those ions [2].
The laser light is absorbed by the plasma. The electrons gain the energy from the high
intensity electric field. The plasma is further heated. Once the plasma is created, the laser beam
can penetrate up to the critical density depending on the absorption. If the laser intensity is high
enough to reach the critical density, the beam is reflected. The reflected laser energy is not used
to heat the plasma. Therefore, the laser intensity needs to be set in order for the laser energy to
be absorbed efficiently so that the plasma density and temperature increase for desired radiation.
17

The EUV emission takes place in such region with high temperatures and density. Figure 2.4
[19] shows this area located close to the critical density.
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Figure 2.4: Schematic of basic plasma parameters in space [19]

2.1.2.2.

Characteristics of Laser Plasmas
Laser plasma sources require high level of stability, lifetime, and cost effectiveness to

become a practical technology for EUV lithography. The laser drivers for laser plasma EUV
sources are also required to deliver stable laser power. Some commercial solid state lasers have
demonstrated high level of stability as well as long lifetime and reliability. To stabilize EUV
power, the CE between the laser energy and the in-band EUV energy has to be optimized and
stabilized. However, the cost for increasing the EUV power, hence, laser power could be the
main obstacle for laser plasma EUV source development. Ensuring the collection optics lifetime
with more than 30,000 hours of operation is challenging in order to meet the source cleanliness
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specification. High repetition rate lasers will generate higher EUV power whereas the increased
plasma generation accelerates the degradation of the mirror reflectivity. Fortunately, the mirror
reflectivity degradation can be manageable with the use of debris mitigation, where debris is
manipulated so that it will not reach the collection optics. The debris from LP sources is only
from the source plasmas unlike the GDP case, in which electrodes are also the source of debris.
In addition, LP source configuration can provide large free space around the source, which
allows to collect more EUV light than that in GDP, reducing thermal load on the objects
surrounding the source. One of the advantages of LP with respect to GDP is the freedom of the
geometrical design. Unlike discharge plasmas that should be in the stepper machine, the laser
can be located outside coupling the laser energy to the target material with optics.

2.2. Formation of Tin-doped Droplet Laser Plasma EUV Sources
The droplet technology has become one of the most important candidates for EUVL.
However, there are many competitors which include Xenon gas jet, solid targets, and discharge
sources.

For example, Xenon is known as a broadband emitter of EUV radiation [8].

Researchers thought that Xe being a gas would contribute minor erosion to collection mirrors.
However, analyzing the physics of the different technologies and the different engineering
aspects, it can be demonstrated that mass-limited droplet targets are nearly debris free and the
material consumption is much smaller. On the other hand, in solid targets debris and the material
required is much more. Also, while discharge sources electrodes are eroded over time, the
droplet nozzle has a longer lifetime.

Thus, advantages of Tin versus Xenon lead to the

development of tin-doped droplet targets with the mass-limited target model.
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Bright EUV light has been generated from hot-dense plasmas with temperatures ~ 30 eV
and electron density ~1020 cm-3. Utilizing inkjet technology, a water based solution with 30% of
Tin Chloride (SnCl2) is used to generate tin-doped droplets with an average diameter of 30
microns. High-repetition rate operation is required for high power EUV production. Thus,
droplets are generated at a rate of 30-100 KHz. The laser is synchronized to that specific rate to
ionize droplet targets. It is possible to control how many droplets to ionize. For example, one
out ten droplets is ionized using a synchronizing circuitry.
The droplet formation is a result of an applied voltage to a piezo-crystal that exerts
surface tension instability on the jet formation. Figure 2.5 shows the nozzle capillary forming
homogenous droplets. This process produces the breakdown of the liquid stream with the
consecutive formation of droplets. Since droplet development is sensitive to vibration, the
system must be free of vibrations in order to achieve stable droplets.

Capillary
Jet portion

Droplets
forming

Figure 2.5: Photograph of nozzle capillary forming droplets

Targets must be stable and controllable under vacuum condition in order for this
technology to be reliable. Use of the droplet technology ensures the targets are stabilized and
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controllable in vacuum environment. Precise control of target positioning can be accomplished
for long term operations.

Sophisticated electronics may be needed to position and

synchronization of the droplet with the laser.
The behavior of the droplets is not only determined by electrical response but also by the
fluid characteristics. It is possible to control the electronics with very high position accuracy, but
the fluid nature can cause instabilities on the droplet generation. Droplet formation is very
sensitive to any vibration that can cause instability of the droplet formation. In addition, any
change in the fluid flow causes the droplet velocity changes. A change in the velocity of the
droplets will be observed as a droplet position shifted. This displacement of the droplet target
will cause change in the laser-target interaction. As a result, EUV generated with such displaced
target will be significantly lower since the EUV generation is observed as a function of the laser
intensity on the target [38]. Moreover, the amount of debris generated will be significantly
higher under the insufficient heating [40]. Therefore, positioning the droplet at the optimum
laser focus volume is critical in order to generate high EUV power and reduce the amount of
debris for a long term operation.
Use of mass limited target [27] will further reduce the debris while the EUV radiation is
optimized. This target concept cannot be achieved by pure target such as xenon jet or tin-droplet
target, where the mass of the target is reduced but only a fraction of the target will interact with
the laser light. Unheated material becomes debris causing the mirror reflectivity degradation
through ablation of the coating material and absorption of EUV in the accumulated deposited
target materials on the surface. Tin-doped droplet target utilized in LPL generate negligible
debris since the whole target is ionized as designed. The ionized target materials are then
mitigated from reaching the collection optics by use of number of mitigation techniques such as
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Repeller Field and Magnetic Foil Trap [40]. The total amount of tin consumption is significantly
lower than that in the other sources configurations [39]. The targeting system is developed for
the tin-doped droplet.
Tin-doped water-based solution is used to generate appropriate droplets. Having stable
formation of droplets, the targets are aligned within the laser focus region to produce EUV
radiation from high-temperature plasmas. As we can see in figure 2.6, the droplet generator is
able to drive droplet within a range of 10 KHz to 90 KHz finding the most stable formation
around 30 KHz. To avoid the creation of satellites, small increments in the driving frequency
must be done until a sharp and spherical image of the droplet is seen on the monitor. The size
and volume of the droplet is directly proportional to the frequency applied. During normal
system operation (39.38 KHz), the average diameter is the 37 microns. Likewise, the velocity of
the droplets and their separation is governed by the frequency having a velocity of 13.23 m/s and
a separation between droplets of about 336 microns. In order to excite the whole droplet, the
laser focus region is designed to about the same size of the target. Since the laser pulse can
oscillate from 20ns to 40 ns, any displacement of the target during the laser pulse can originate
reduced EUV emission. Therefore, temporal control to maintain the droplet in the specific pulse
duration and spatial correction within the laser focal region are needed.
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Figure 2.6: Tin-doped droplets at different frequencies

EUVL requires long-term operation to meet the industry’s fabrication necessities. Thus a
feedback loop system is essential to keep the system stable and controlled all the time. Not only
does the formation of droplet targets depends on controlling the target positioning and laser
timing, also physical parameters of the target material and the capillary can cause instabilities.
Electronics synchronizes the droplet with the right timing of the laser, however, when the
temperature of the target fluid changes, a proportional change in the size and velocity of the
droplet is produced due to the different viscosity of the solution. Thus, within the same loop new
corrections on the synchronization and displacement are needed. In a similar way, several
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parameters as pressure, room temperature, or electric noise can change the trajectory and
stability of the targets requiring new adjustments. These parameter changes do not occur very
often in a long-term operation.
The droplets are illuminated with LED light and the shadows are imaged on the screen.
With this shadow information the laser trigger is synchronized with the droplet. This adjustment
needs to be made constantly for good stability. If the droplet moves outside the illumination
area, shadows are no longer imaged and a new alignment must be done on the system.
To meet the requirements in laser plasma sources, we must reduce the material debris
from the target on the optics collecting the EUV light. Thus, latest studies with mass-limited
droplet targets especially tin-doped droplets have demonstrated promising future for the
development of this source [32]. In addition, debris is minimized assuming that the whole
droplet is ionized. However, for a long lifetime of the collection mirrors ions coming from the
plasma need to be mitigated.

One mitigation technique is to control ions by electric and

magnetic fields.

2.3. LPL Source Facilities and Equipment
Due to the high degree of absorption of EUV in air, the plasma must be generated in
vacuum. A Flat Field Spectrograph (FFS) is equiped to analyze and optimize the EUV radiation
generated. Also, an EUV energy meter is used to measure in-band EUV energy in order to
calculate the CE. Thus, the vacuum chamber, FFS, EUV meter, target, and laser are the main
components on the experimental set up [39].
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2.3.1. High Power EUVL Source Vacuum Chamber
Because the EUV radiation is easily absorbed and cannot propagate far in air, the
chamber must be under vacuum. The vacuum chamber used for the plasma generation has a 60
cm inner diameter having 8 main vacuum ports around it. The axes of all the ports converge in
the center of the chamber where the droplets are aligned. The motion stage target is located
inside the chamber; therefore, droplet generator can be placed in order to place the droplet to the
laser focus. Also, the laser focusing lens can be manipulated from outside the chamber using
motion actuators, adjusting the laser focus diameter on target.
A large number of instruments can be connected to the chamber in order to monitor and
diagnose the EUV radiation. Figure 2.7 illustrates a picture of the vacuum chamber. During the
experiment, a roughing pump or back-up pump maintains the pressure in the chamber below 100
mTorr and a turbo-molecular pump at a rate > 3000 liters per second decreases the pressure
down to get the desired vacuum condition which is below 1 mTorr. At this pressure, the EUV
absorption by the air inside the chamber has an insignificant value of 1% for a propagation
distance of 1 meter [20].
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Figure 2.7: Photograph of vacuum chamber

Some of the instruments attached to the vacuum chamber are the FFS and the EUV
energy meter. In order to align the laser beam at the target position, a He-Ne laser beam is
previously aligned with the droplets. The droplet nozzle is installed in the vertical center axes of
the chamber having a three axes adjustable stage. In figure 2.8, a laser is focused onto the target
chamber and the illumination and imaging axes for one of the CCD cameras is shown.
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Figure 2.8: Experimental set up with Illumination and imaging system on the target chamber

2.3.2. High Repetition Rate Nd:YAG Laser System
The laser used in this system prototype is a Q-switched diode pumped Nd:YAG laser
having a wavelength of 1064 nm and a maximum power of 800 W. High average power is
produced at a repetition rate of 3-10 KHz. External electrical supply and coolant water are
needed for this system.

Figure 2.9 provides images of the laser head and laser beam

characteristics.
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a)

b)

c)
60 µm

Figure 2.9: a) Nd:YAG laser head, b) Gaussian-shaped beam profile, and c) Beam profile at
target position

This laser counts with a maximum power of 485 W at 3 KHz repetition rate. From
equation 2.1, we can calculate the maximum laser pulse energy of 161.6 mJ having pulse
duration of about 21 ns (FWHM). Another important parameter from this laser is the peak
power which can be calculated from equation 2.2 to 7.7x106 W. Table 3 [21] describes the laser
output power and pulse duration when the laser is operated at different input current and
repetition rates. The laser power is proportional to the current supplied. However, if the power
increases, the pulse duration of the laser decreases having maximum external power at 3 KHZ of
490 W and pulse duration of 21 ns.
E pulse =

Pmax
f

Ppeak =

E pulse

(2.1)

(2.2)

T pulse
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Table 3: Laser output power operated at different input current and frequency [21]
Current
CW

3 KHz

5 KHz

A

40

41

42

43

44

45

46

47

48

49

50

51

52

Power
(EXT)

W

558

591

634

674

707

708

750

800

839

873

892

933

979

Power
(EXT)

W

283

300

294

304

323

347

370

387

403

421

460

494

485

Duration

ns

42

42

38

42

39

35

33

32

29

24

22

21

21

Power
(EXT)

W

398

420

447

433

548

501

539

572

580

592

620

667

707

Duration

ns

47

47

48

43

45

43

39

38

38

31

31

27

26

In addition, the laser counts with two interlocks, the emergency power and an emergency
laser off. A shutter is installed so that laser pulses are controlled by opening and closing the
shutter. The shutter is opened when 24 volts are applied and is closed with 0 volts. The laser
pulses are also controlled electronically while the shutter is open. We can apply any frequency
to the TTL trigger signal considering that the pulse is triggered on the rising edge. In order to
reduce the CW leakage, two signal lines are designated for the purpose, first pulse control (FCP)
and trigger (PULSE), shown in figure 2.10, where FPC signal must be applied before the PULSE
is applied. This scheme is used to synchronize the laser pulse to the target.
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FPC pre-trigger = pulse period + ≈200µs

Figure 2.10: Timing diagram for external triggering [21]

2.3.3. Flat-field Spectograph
The FFS is used to optimize the plasma conditions for highest EUV output. In this
research, spectroscopy determines the plasma and emission diagnostics. An FFS is a grazing
incident spectrograph and contains Gold Plated Harada grating, which has a radius of curvature
of 5.649 m. We use a flat-field grazing incidence spectrograph because it has a higher resolution
than a transmission grating. The region of operation is of 5-20 nm having an angle of incidence
of α = 87°. The spectrograph in figure 2.11 has a distance of 237 mm from the slit to the grating
center and 235 mm from the grating center to the image plane. The plate factor at λ = 10 nm is
calculated to be 0.6 and the resolution is calculated by R = λ/Δλ. Using a slit width of 70 μm,
the resolving power in first order can be estimated to be R ~ 880 at 10 nm. This corresponds to a
minimum resolvable wavelength of Δλ ~ 0.01 nm [8].
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Gold plated Harada grating
ROC = 5.649 m
Line spacing = 1200 lines/mm (nominal)
Angle of incidence: α = 87°
Slit width = 100 μm
at ~ 10nm, Δλ ~ 0.06 nm, R ~250

Figure 2.11: Photograph of FFS and its principal specifications

2.3.4. EUV Energy Meter
The EUV energy meter is used in order to calculate the source conversion efficiency
(CE). Once we know the laser energy, the in-band EUV energy has to be measured in order to
calculate CE. In this system prototype, the energy meter shown in figure 2.12 a) is an instrument
with optics calibrated by the National Institute of Standards and Technology (NIST). The meter
is also cross-calibrated against FC, meaning that the instrument has been calibrated in
laboratories of the different source developers around the world [22].

In figure 2.12 b),

schematic of FC is shown. The Mo/Si multilayer mirror narrows the band reflectivity peak at
13.5 nm to collect the EUV light and the Zr metal filter selects the wavelength between 6.5 –
16.8 nm (FWHM). A Si-PIN x-ray photodiode detects EUV signal. The EUV energy meter
utilizes 45 degree incident MLM instead of normal incident mirror.
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a)

b)

Figure 2.12: a) Photo of EUV energy meter FC calibrated and b) Schematic of the FC EUV
energy meter [22]
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CHAPTER 3:

APPROACH TO DROPLET CONTROL
AND STABILIZATION

3.1. Introduction
The development of stable EUV source in LPL has been carried out for about a decade. It
involves the stable droplet generation, diagnostics of the droplet stability, synchronization of
droplet and laser pulse, and tracking and feedbacking of the droplet position with respect to the
laser focus. The generation of stable droplet is accomplished by transferring inkjet technology to
targeting scheme [27]. It was found that droplet generation in vacuum required continuous
liquid ejection due to the evaporation of the water, which freezes the target and generates ice
target [27]. Different diagnostics for droplet stability have been applied including single CW
laser beam to probe the droplet train and droplet imaging with strobe backlighting [20].
Synchronization of the droplet target and the laser pulse has been explored using laser trigger
pulses with a variable delay and phase lock loop frequency synthesizer for laser trigger and the
droplet signal [20]. The positioning of the target has been controlled by translation stages.
In recent years, the translation was controlled in a feedback system with optical tracking
systems, where the position of the target was analyzed in 3-D space and the displacement of the
target is corrected by the translation stages. The prototype of the advanced targeting system with
feedback performed continuous operation at an atmosphere. One of the main objectives in this
study is to construct a new prototype of the targeting system in a vacuum chamber coupled with
high power laser systems to produce EUV emission. This requires a completely new design of
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the optical imaging systems, including illumination and image detection, and faster response of
the position correction.

3.2. System Overview
The Laser Plasma Targeting System uses optical imaging to stabilize droplet laser
plasmas for EUV generation. The images are fed to a computer which performs advanced image
processing techniques to determine the position of the droplet relative to a predefined position
for the optimum EUV output. If the software finds that the droplet has drifted, commands are
issued to adjust the translation stages, and the droplet is physically moved back into position.
This process runs continuously unless an error is encountered.
In order to image the droplets which are being produced at a rate of about 30-40 thousand
per second (30-40 kHz) and traveling ~20 m/s, two high power LED diodes are functioning at
the same rate providing back-illumination of the droplet for imaging through two different
angles. The electronics perform synchronization of illumination and droplet formation. The
droplet images are collected using standard optical imaging techniques and imaged onto highresolution CCD cameras. Images are taken from two angles, which are configured orthogonal to
the droplet’s path. Since they are orthogonal, the two images provide x, y, and z coordinates
position directly.
Once the computer receives images of the droplets, it stores their center position. During
initial alignment of the system, an optimum position is found manually by observing the EUV
emission from the source plasma. Then this optimum position is used to compare with real time
positions. If the droplet’s current position deviates from the initial one by more than a preset
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limit, the computer calculates the needed distance correction and sends commands to a motorized
translation stage driver.
The Laser Plasma Targeting System shown in figure 3.1 is formed by three main
elements. First of all, optical illumination and imaging in order to monitor and ensure optimal
plasma formation.

Secondly, software to achieve complete stabilization of the droplets,

positioning the droplet stream at the focus of the laser. Finally, a complete electronic system is
in charge of controlling and adjusting the frequency of the droplet generator for good droplet
quality, and the timing and frequency of the laser to target droplets minimizing the debris. Thus,
a stable, debris-free light source combined with suitable collection optics can provide useful
EUV radiation power.
z
x

Translation
stage

y
Air pressure
(100 psi)

Piezo-Crystal
Laser beam

30kHz
Droplet targets
20 m/s
Source
tank

Objective lens
CCD Camera
Mirror

Liquid
Nitrogen

High power LED
(Illumination)

Figure 3.1: Diagram of the Laser Plasma Targeting System Hardware Design Approach
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3.3. Hardware Design Approach
The Laser Plasma Targeting System utilizes optical imaging to track and control the
droplet targets. Images are fed to the computer software to perform an image processing which
determines the final position of the droplet with respect to the initial one. Figure 3.2 illustrates
the hardware flow chart of this system. Any changes the software registers through the image
processing are used to send instructions to the translation stage which physically moves the
droplet back to its original position. This routine runs continuously to correct droplet drifting.
CCD
Cameras
Computer
(LabView)

Droplet Driver
Software
control

Droplet driver
synchronization

Delay
Adjustment

Diode Drivers

LED
(illumination)

Motion
controller

Actuators
X-Y axis

Droplet Driver

Droplet
Generator

Laser Driver

Laser

Figure 3.2: Hardware flow chart diagram of the target positioning system

3.3.1. Illumination and Imaging System
Two high-power LED are used as back illumination in order to image the droplet from
two orthogonal angles. The modulation of the LED needs to be synchronized with the driving
signal of the droplet generator in order to illuminate every target. Another important issue is the
pulse width of the LED which needs to be sufficiently short (<1µsec) in order to get a sharp
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image of the droplet. An average of 30 frames per second are imaged onto a high resolution
CCD camera shown in figure 3.3. Thus, images taken from two orthogonal angles give enough
information about all three dimensions needed to track the droplets. An optional camera can be
installed at an arbitrary angle in order to monitor the plasma emission for diagnostic purposes.
The first two cameras are used to calculate the target position providing Cartesian coordinates x,
y, and z.

Figure 3.3: CCD camera and LED illumination

In the alignment process, an optimal droplet image and position is found. Every time the
software processes an image, the center of the droplet is calculated and this is compared with the
initial one. If the target deviates from the initial position more than a threshold limit, the
Labview computer software sends an instruction to move it back by a translation stage which
operates in the horizontal plane (i.e. x and y coordinates). However, if vertical adjustment needs
to be issued, a phase delay is applied to the droplet driver to synchronize with the laser pulse.
This process runs continuously until the end of operations. The steps to follow in order to install
the target positioning system in the EUV source facility are:

•

A droplet falls through the crossed alignment beams;

•

The x and y axis cameras track droplets and computer calculates position shift;
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•

The laser fires a pulse synchronized to the droplet and plasma is formed;

•

Spectrum is analyzed.

3.3.2. Droplet Synchronization
Electronics is essential for the global functioning of this system. Its main function is to
synchronize and control the different driver devices. A digital timing signal is generated from a
Phase Locked Loop (PLL) to drive the droplets, LEDs, and laser trigger.

This signal is

adjustable in frequency and amplitude either manually or through control software. For normal
system operation, frequency is about 30 KHz and the amplitude can reach 20 volts peak-to-peak
for the droplet generator and 5 volt (TTL signal level) for the illumination driver. Since different
voltage levels are needed with the same timing and frequency, custom electronics and interfaces
have been designed for this system. Another characteristic of this driving signal is the square
waveform with 50% duty cycle which indicates same on and off time.

Once the droplet

generator is fed with the required square wave ±10 volts a piezo-crystal actuator breaks the
stream into uniform droplets. One droplet is formed for every rising edge period of the signal
being 30,000 units at 30 KHz. Since the droplets are generated at a very high speed, the LED
driver shown in figure 3.4 needs to be modulated to provide a short pulse (<1µsec) in order to
illuminate and image sharp droplets.
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a)

b)

Figure 3.4: a) LED driver circuit (3 W) and b) oscilloscope LED driver modulation waveform

The laser trigger signal is generated from a frequency divider having the same input
signal than the droplet generator. The frequency multiplier is in the order of 10 and for a normal
operation at 30 KHz the laser trigger operates at a repetition rate of 3 KHz. This means that 1
out 10 droplets are targeted. If a laser with different repetition rate is used, then it is possible to
modify the frequency multiplier through computer control software to get the right laser trigger
signal.

3.4. Software Design Approach
Since the droplets can drift over time, the system needs a close feedback loop in order to
track and continuously control the position of the droplet. Figure 3.5 represents the feedback
routine flow chart. The software is initiated with the droplet alignment to the laser focal spot.
Then consecutive windows are prompted in order to create a template of the droplet which x-axis
and y-axis cameras track. After the acquisition command is issued, Labview code calculates if a
position shift is required and corrects it using an x-y motion stage. The vertical z-axis is
corrected electronically with phase delay applied to the droplet signal. The laser fires a pulse
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synchronized to the droplet and plasma is formed. Stable high repetition rate (3 kHz) laser
plasmas are created in the target chamber. The large display of figure 3.6 shows the two tracking
images and a graph of the change in position with time.
Initiation

Template

Acquisition

Yes

Display Data

Phase Delay
Adjustment

Comparison

Move Stage

Within
No
Tolerances

Shutdown

Figure 3.5: Flow chart of image processing and feedback routine

3.4.1. Tracking Droplet
The droplet needs to be tracked from two orthogonal angles in order to calculate the
actual position on the x, y, and z coordinates. The first camera is configured to image the x-axis
on the horizontal direction and the z-axis on the vertical, while the second camera images the yaxis on the horizontal direction. The targeting system begins the algorithm by initializing and

40

configuring the CCD cameras. The droplet is imaged on the monitor when the acquisition
command is issued until the stop instruction is sent.
When the template sub-routine is active, the template configuration displays four
windows consecutively. On the computer screen, a rectangular region of interest (ROI) is
marked on the first camera and then on the second camera in order to specify the area where the
droplet is going to be tracked. In a similar way, a circular ROI is marked in both cameras. From
the different ROI’s, the sub-routine stores the information of the three axes. The information
stored later on is compared with the preset data in order to adjust the phase delay of the droplet
signal with respect to the laser trigger signal.
Once the template has been created, having a good match between the template and the
real time droplet, the image acquire button is pressed performing continuous acquisition of
droplet images. The acquisition sub-routine stores data for a few loop cycles. Data collected
from the acquire mode is compared with the template’s data. Then a final value from an average
value of all the iterations is calculated. The value calculated is displayed on the screen under the
tracking image. If this is within the tolerances, then no instruction is sent. However, if it is
higher than the preset tolerance, an instruction to the motion stage is sent. The motion change
monitored by the stages is recorded on a position versus time graph on the screen of the Labview
software. Figure 3.6 is a screen shot of the tracking software showing real time images of the
droplets being tracked by the system. The first window represents the video signal from the first
CCD camera imaging the x and z axes. The second window images the same droplet but the
camera is in an orthogonal angle having y and z coordinates.
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Figure 3.6: Droplet control software

In order to send moving instructions to the motion stage, a sub-routine compares the
droplet data from the template and the acquisition mode to determine which stage and by how
much is needed to return the droplet to its preset tolerances. When the stage has finished
moving, the code runs out of this sub-routine and is ready to get new data through acquisition
instructions in order to calculate if a new deviation is happening.
The acquire mode is continuously running until it is interrupted by the shutdown
command or by any system error. In the case of an error, all sub-routines and loops stops
suddenly keeping the previous data stored in the corresponding registers. One of the most
common errors occurs if the droplet is out of the template region. In this way, the system is not
going to be able to calculate the deviation with respect to the initial alignment and no correction
action is made. To avoid errors, the droplet must be in the ROI all the time.
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3.4.2. Software Algorithm and Image Processing
The main function of the ROI is to provide the initial position for the tracking algorithm
and also to reduce the image size for the later image processing and analysis. Figure 3.7
provides a software algorithm flow chart for the creation of droplet templates. Once the system
has been initialized, the user enters the template mode where the ROI is stored for later
comparison. After the template, the real time image of the droplets is restored. Then acquisition
mode is reached, which is the main loop of the system. This routine stores data from different
loop iterations and averages them to reduce the effects of sudden motion. The images are
analyzed to determine the position of the droplet with respect to the initial template and the
changes are displayed on the screen. A critical decision must be made at this point. If the
position change is within the tolerance, the program returns to the acquisition level. However, if
tolerances are exceeded, the sub-routine to move the stages is reached, in which the algorithm
tries to move the droplet back to its initial template position.
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Figure 3.7: Software flow chart of template and image processing

In addition to the stage movement, a phase delay can be applied to the droplet driving
signal to synchronize it with the laser trigger signal. The pixel size of the camera is converted to
microns taking into account the magnification of the imaging axis. Thus, the position of the
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droplet can be accurately corrected by the motion stages. In the case that the droplet is out of the
template region, the routine does not make any correction until the droplet is found again. The
motion and some information of the droplet such as its center are logged and displayed into
another file for further analysis. The shutdown button terminates with the acquisition loop and
stops the whole tracking system operation.
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CHAPTER 4:

SYSTEM ANALYSIS AND EXPERIMENTAL RESULTS

4.1. System Calibration

4.1.1. Imaging System
Red visible light is used for back illumination of the droplets which are detected with a
CCD camera. The source of this light is provided by a light-emitting diode (LED). This diode is
a red Luxeon III Star with a lambertian radiation pattern. The LED provides maximum light
intensity of 125 lumens at 1.5 Amperes. In figure 4.1, the CCD camera and the LED are placed
outside of the vacuum chamber. The LED light is collected with a first lens before it penetrates
the vacuum chamber. A second lens focuses the LED emission down onto the droplet. The
illumination area can contain several droplets. This is a desired situation because we can
optimize the system to track the droplet with the maximum shadow contrast. Even though
several droplets can be illuminated, only one is imaged by the CCD camera.
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Vacuum chamber
Droplet
CCD camera

LED

Imaging lens

LED Collector lens

Figure 4.1: Illumination and imaging configuration of the system

The LED and focusing lenses are located outside the vacuum chamber. The light travels
through a vacuum chamber window and illuminates an area with several droplets. An LED
driver is in charge of generating a pulse signal at the same repetition rate as the droplet signal.
The brightness of the LED shown in figure 4.2 a) is controlled with a variable current power
supply. The LED driver is synchronized with the PLL which controls the timing of the entire
system. Figure 4.2 b) [23] shows the LED spectral power distribution centered at the red, 627
nm and 4.2 c) [24] some of its principal characteristics.
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a)

c)

LXHL-FD3C Specifications

b)

Lumens

125 lm

Max Continuous
Current

1540 mA

Forward
Voltage

2.95 Vf

Dominant
Wavelength

627 nm

LED Type

Star

Radiation
Pattern

Side Emitting

Weight

0.2g

627 nm

Figure 4.2: a) Photo of LED Luxeon III star (LXHL-FD3C), b) LED spectral power distribution
centered in the red at 627 nm [23], and c) LED specifications [24]

In the imaging system, two lenses with a focal length of 25 mm and 125 mm creates an
image on the CCD camera of Figure 4.3 a). The first lens is placed outside the vacuum chamber
and the second is placed inside. Image acquisition software displays the images of the droplets
on a computer screen and its magnification depends on the imaging system design. Thus, in this
system it is found that a magnification of ~10 is ideal for our tracking purposes. Figure 4.3 b)
[25] shows the CCD with a very good spectral response to 627 nm and figure 4.3 c) [26] its
general specifications. CCD cameras in daisy chain mode do not work properly because the BW
of the Firewire is exceeded. Thus, two PCI Firewire cards are needed in this system. The
National Instrument Vision Assistant software is used to control all the parameters of the
cameras such as contrast, brightness, and the shutter.
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a)

c)

b)

Color - Mono

Mono

Sensor

CMOS

Max. FPS @

27 fps

Resolution

1280 x 1024

Bit Depth

8 or 10

Pixel Pitch

6.7 µm

Lens Mount

C 2/3

Interface

FireWire

Trigger

H/W or S/W

Shutter

Global

G.P.O

2 Multi-function

Figure 4.3: a) CCD camera Pixelink (PL-A782), b) Camera spectral response [25], and c) CCD
camera specifications [26]

The software designed must be sensitive to measure the change on the coordinates with
respect to the center of the droplet and translate that displacement to the phase shift adjustment.
The relationship between movement of the droplet and phase shift is provided by experimental
calibration. In order to calibrate the system during the template mode, the phase delay is
intentionally changed to record how many pixels the droplet is moving on the screen with respect
to the resistance variation of a digital potentiometer. This potentiometer controls the delay of the
system. In this way, a matching factor is found between the number of pixels required to correct
the position of the droplet and the resistance value. Thus, when the system is in normal
operation droplets will be electronically corrected. It is important to assign a threshold value
which is the number of pixels where the system will not apply any correction. For example, if
the minimum resolution of the system is ± 3 microns and the conversion is the 0.6 micron per

49

pixel having up to 5 pixels, the system will not experience any change. Thus, 5 pixels is the
threshold value helping to reduce instabilities of the system due to continuous adjustments in a
short time interval. After calibration, it is possible to see if we need a certain phase shift for such
movement on the screen. Phase shift will be adjusted using a digital potentiometer in the delay
board of the PLL. Before connecting the potentiometer, we were able to adjust the phase shift
manually. The 8-bit 100 KΩ digital potentiometer is formed by 1024 position controlled through
SPI (Serial Peripheral Interface) commands.
The size of the droplet is needed in order to correct its spatial displacement. To measure
the droplet size, we compare it to an imaged circle with known diameter. Figure 4.4 a) shows
the cross-hair Cartesian coordinate reticule with a very small circle at the origin. Figure 4.4 b)
demonstrates that the inner diameter of the circle is a known pattern specified as 180 μm. Thus,
the droplet diameter is calculated in the following manner:
The average vertical diameter of the cross-hair circle is dx = 301 pixel
The average horizontal diameter of the cross-hair circle is dy = 297 pixel

pixel size =

180
= 0.602 μm
299

The average diameter of the droplet is dx = 72 pixel
Droplet ø = 72 x 0.602 = 43.433 μm
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a)

b)

Figure 4.4: a) Photo of cross-hair reticule and b) CCD Image of cross-hair origin

The image of the droplet must contain high contrast in order to optimize the tracking of
the droplet shadow. In this regard, the spherical target geometry offers a number of advantages.
The spherical shape makes it possible to track templates with round objects. However, one
observation in the imaging process is the presence of satellite droplet formation. Figure 4.5
shows a shadow of the droplet satellites. The presence of these satellites increases the mass that
need to be irradiated by the laser, producing an increase in the debris and a variation in the EUV
emission. This phenomenon is solved applying the right frequency and amplitude to the droplet
generator.

Figure 4.5: Photos of droplet satellites formation
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4.1.2. Laser Beam Alignment and Characterization

Once the droplet is aligned to the laser focal spot, the x and y axes cameras track the
droplets. Figure 4.6 a) illustrates the droplet alignment at the laser focus using a laser diode with
532 nm alignment beam. A Labview computer program calculates if position shift is required.
The laser fires a pulse synchronized to the droplet and plasma is formed as it is shown in the
photograph of figure 4.6 b). Stable high repetition rate (3 kHz) laser plasmas are created in the
target chamber.

b)

a)
Droplet alignment
at laser focus point

Figure 4.6: a) Photo of droplet alignment through a green laser diode and b) Photo of plasma
formation inside the vacuum chamber

It is possible to achieve a minimum beam diameter close to the droplet diameter when
focused by a Plano-convex lens with a focal length of f = 100 mm. It is critical to measure the
beam diameter at the focal region in order to measure the laser intensity at that position. The
laser intensity is a measurement of the pulse energy with respect to the target position. In order
to get the minimum laser diameter and the maximum power in each pulse, it is important to keep
the different parameters of the laser in optimum conditions. The stability of the laser and the
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most important beam parameters are shown in table 4.1. The usual repetition rate operation of
the laser in this system is 3 KHz and therefore a closer look to this column is taken.
Table 4: Stability, pulse duration, and beam characteristics of the Nd:YAG laser [21]
Repetition rate

kHz

CW

3

4

5

10

Threshold current

A

32.1

32.0

31.8

31.8

31.9

Optimum current (OSC)

A

50.0

50.0

50.0

50.0

50.0

Stability band

A

X

14.0

14.0

14.0

5.0

Power at optimum current

W

892

460

554

620

737

Duration

ns

X

22.2

27.1

30.8

45.4

Energy

mJ

X

153.3

138.5

124.0

73.7

Intensity jitter

%

X

7.6

5.7

9.8

5.0

Diameter at laser exit (1/e2)

mm

X

5.06

X

4.93

5.16

Divergance (Full width)

mrad

X

15.9

X

15.3

15.7

X

16.2

X

18.3

22.3

X

-306

X

-303

-308

Stability region data

Pulse data

Beam data

M2
Waist location

mm

4.2. System Performance

Characterization of water droplet laser plasma is achieved by optical imaging techniques
[27]. Droplets were back illuminated with 627 nm LED and imaged by a CCD camera with
magnification of ~10 having a resolution of ±3 μm. This image is processed by computer
software which applies a close feedback loop. Thirty images of the droplets were taken in order
to estimate the droplet spatial jitter. An initial position of the droplet was measured and the shift
of consecutive droplet position was recorded. This measurement is used to calculate the droplet
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velocity. The timing jitter in the laser which is in the order of nanoseconds can introduce
uncertainty into the droplet displacement measurement. The droplet displacement is calculated
by the product of the timing jitter and the droplet velocity. The average spatial jitter is 3 μm
which is an acceptable value considering that the diameter of the droplet is ~ 30 μm. In addition,
the droplet separation is in the order of 300 μm under usual operating conditions (30 kHz).
The formation of droplets from a jet fluid is produced by the jet breakup. A vibration of
an appropriate frequency must be applied to a driving piezo-crystal which is in contact with the
fluid in the capillary [28]. The droplet size can be calculated assuming these are equally and
uniformly created. In this way, knowing the flow rate (Q) in terms of volume of the spherical
droplet and frequency of formation, the total volume of the solution used can be estimated in a
certain time.
4
Q = V ⋅ f = π ⋅ r3 ⋅ f
3

(4.1)

Thus, in order to calculate normal operation flow rate, it is considered that 39,380
droplets are generated per second at 39.38 KHz and the average droplet diameter is 37.8 μm.
From equation 4.1, it is calculated that Q = 1.11 x 10-6 liters/sec. If the fluid tank has a volume
of 300 ml the solution would be enough for 2.702 x 105 seconds or almost 74 hours of operation.
In addition, a droplet phase change relative to the laser pulse is due to the capillary fluid
pressure. Variations in the flow rate can change the radius and position of the droplet. Thus, a
constant pressure supply is needed in order to keep the same position and droplet size. The fluid
back pressure is maintained by a tank of compressed nitrogen in the order of 100 psi. The nozzle
is placed on a three axes motion stage allowing proper positioning of the droplets in the focal
region of the laser beam. Temporal and spatial synchronization of the droplet and laser pulse is
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achieved through a delay generator. Adjusting and optimizing the delay between the droplet
formation and the trigger of the laser, maximum EUV light is generated. Table 4.2 demonstrates
the most important droplet parameters changes at different frequency and fluid pressure.
Table 5: Characterization of water droplet

Frequency (kHz)

19.69

39.38

45.94

52.50

59.18

26.30

28.41

52.61

66.81

Pressure (psi)

110

110

110

110

110

70

70

70

70

Droplet diameter
(μ m)

53

37

38

37

33

39

Droplet velocity
(m/s)

11.97

13.23

13.25

13.10

13.2

Droplet
Separation (μ m)

608

336

288

249

Phase Change
(rads/min)

0.2

0.1

0.3

Flow rate (Q)
x10-6 Liter/s

1.56

1.11

Time operation
(hrs)

53.1

74.8

40

29

28

8.68

14.09

8.46

16.23

223

330

496

160

243

0.3

0.3

0.4

0.4

0.3

0.5

1.36

1.41

1.11

0.815

0.966

0.7

0.78

61.27

58.8

74.83

102.2

86

119

106.8

The difference between the droplet frequency and the laser repetition rate allow that only
1 out of 10 droplets are ionized by the laser. The unused droplets are collected in a cold trap
which is cooled by liquid nitrogen. Droplets are frozen inside the trap and an electrical chopper
impedes the ice droplets from growing up towards the capillary.

Also, in order to avoid

evaporation of the unused droplets, the vacuum chamber pressure must not be above 1 mTorr
having optimum transmission for EUV wavelengths. If the pressure rises, the EUV transmission
will directly decrease.
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4.3. Impacts on EUVL Source Development

Since the targeting system performs desirably as described above, the system will
contribute the development of high power and long life EUV sources. The laser intensity at the
target is the most important factor for both high CE and low debris [20]. The targeting system
will ensure the laser-target interaction conditions for long term operations. This will enable a
new research area of more precise and detailed studies on the continuously operating EUV
source, such as EUV power scaling by multiplexed laser beams, EUV source stability for precise
dose control, and erosion on MLM mirror surface for long life EUV sources. Therefore, this
section describes some of the most important issues, high CE and low debris in terms of the
expected improvement with use of the targeting system. It is useful to review the details of how
CE is calculated as well as the dependency on the intensity. The definition of CE, calculation,
optimization method, and debris measurements utilized in LPL will be presented.

4.3.1. Calculating the Conversion Efficiency

Conversion efficiency is an important parameter for EUVL source developers. It relates
the EUV energy output to the input laser energy. The EUV energy radiated into 2π steradian
solid angle and within a 2% BW centered on 13.5 nm is given by the following expression [29]

EBW

⎛
⎞
∫ I s ( λ ) dλ
⎟
2πAscope ⎜
BW
=
⎜
⎟
ΩRscope ⎜ ∫ I s (λ ) Rmir (λ )Tg (λ )T f (λ )η diode (λ )dλ ⎟
⎝ all
⎠

(4.2)

where Ascope is the integrated area under the EUV signal waveform displayed on figure
4.11, Ω is the collection solid angle of the FC mirror, Rscope is the impedance of oscilloscope,
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Is(λ) is the source’s spectrum in arbitrary units, Tg (λ) is the transmission curve of the gas in the
vacuum chamber, Rmir (λ) is the calibrated mirror reflectivity, Tf (λ) is the transmission curve of
filter used to block visible light from entering the AXUV detector, and ηdiode (λ) is the
calibrated responsivity curve of the AXUV detector.
The CE is the ratio of the EBW to the laser energy at target and is an important factor
because it limits the EUV power generated. CE is shown in expression 4.3 where its unit is
percent over 2π sr and within 2% BW centered at 13.5nm. Intensity dependence of data for the
CE with tin-doped droplets is shown in figure 4.8 [20]. This data is a result from the FC
calibration performed by the FOM EUV team.

CE =

E BW
× 100
E Laser

(4.3)

CE
2.0

1.5

1.0
0.5

Intensity (x1010 W/cm2)
0.0
0

5

10

15

20

25

30

Figure 4.7: CE of the tin-doped droplet target as a function of laser intensity [20]
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One approach to optimize CE as a measure of laser intensity is to determine the laser
beam diameter in the focal region. In the graph of figure 4.8, the CE starts at low intensity in the
order of 3 x 1010 W/cm2. The CE peaks at 2% corresponding to ~1.3 x 1011 W/cm2. If we keep
increasing the intensity of the laser, the CE will drop continuously to 1%. CE must be high in
order to increase the power measured at the intermediate focus. This is without a doubt the
power requirement reference for EUVL source developers. The power at the IF is calculated in
equation 4.4 where ηR is the average mirror reflectivity over the total collection angle, ηCol is the
collection efficiency of the mirror solid angle with respect to 2π, and Pinput is the input laser
power.

PIF = η R ×η Col × CE × Pinput

(4.4)

4.3.2. Debris Characterization

When the droplet is irradiated by the laser depending on the laser intensity and the target
size, plasma is produced ejecting debris in form of molecules and small particles or clusters. At
the focal region, the laser energy increases the temperature at the droplet surface causing the
material to expand due to the localized high pressure. Due to this expansion, the droplet material
surface cracks ejecting small molecules and particles out of the surface. It is necessary to
prevent these particles from destroying the surface of MLM in order to increase its lifetime
[30].Figure 4.9 a) [31] illustrates a MLM photograph and 4.9 b) schematics of EUV light
collection mirror. This debris is one of the inconveniences which the EUVL source developers
encounter today. In order to solve or reduce the debris problem, a mass-limited target approach
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has been attempted. Thus, debris is considerably reduced by delivering a mass-limited droplet at
the focal region [32, 8].

a)

b)

Collector mirror

Intermediate focus

Plasma formation

Figure 4.8: a) Photo of multi-layer mirror [31] and b) representation of EUV light collection
mirror and its intermediate focus

On previous studies, EUVL sources have focused on gas sources such as xenon targets
which do not generate as much debris as Sn sources. However, MLM has the maximum
reflectivity at 13.5 nm which is closer to Sn radiation emission instead of the 11 nm region of
xenon. Thus, EUV light collection is much more efficient for Sn than for Xe, increasing the
power at the IF. Figure 4.10 a) shows the configuration of an MLM made of MolybdenumSilicon bilayers and 4.10 b) [33] illustrates that this mirror has a reflectivity of about 70% at 13.5
nm. Graphs from figure 4.10 c) and 4.10 d) [34] illustrate the Xenon and Tin spectra with their
corresponding EUV peak intensity emission at 11 nm and 13.5 nm.
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a)

b)

c)

d)
Sn

Xe

13.5 nm

Figure 4.9: a) MLM made of Molybdenum-Silicon bi-layers, b) graph of peak reflectivity ~70%
at 13.5 nm [33], c) and d) EUV spectral line emission for Xe and Sn [34]

4.3.2.1.

Fine Optimization of Laser-Target Interaction

One of the important parameters for CE from high temperature plasmas is the laser
wavelength. Having a short wavelength, plasma will have larger critical density causing higher
laser energy absorption and resulting in higher temperature plasma [35,36]. Also, CE depends
on the pulse length duration which is related to the plasma absorption of the laser energy.
Having a long laser pulse, the laser energy will be absorbed before reaching the critical density
leading to not very high density plasma. On the other hand, a short laser pulse will be unable to
give enough energy to the plasma before being reflected. Therefore, intermediate pulse length
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duration, in the order of nanosecond, will be the optimum pulse for tin-doped droplets ionization
[35, 37].
The laser energy per pulse is 150 mJ in 21 ns (FWHM) pulse duration. This energy is
able to ionize the droplet target at the focal region. However, all the energy is not absorbed by
the plasma. Part of the laser energy passes around the droplet since the laser beam diameter is
greater than the one from the droplet. It is possible to measure the energy that passes through the
droplet with a power meter. This measurement determines that the energy passing around the
droplet is not absorbed having a plasma created only with part of the total laser energy. Under
these conditions, enough plasma is created at a vacuum of 10-3 Torr to be analyzed by the
spectrograph. The laser energy to EUV power CE is measured by a photodiode with use of a
Mo/Si mirror. Figure 4.11 provides a screen shot of the oscilloscope with the laser pulse
photodiode signal and the FC calibrated energy meter.

Figure 4.10: Oscilloscope screen shot of laser pulse photodiode signal and FC calibrated EUV
energy meter [20]

A comparison is made to illustrate the EUV emission characteristics under two different
laser-target interaction conditions. Fig 4.12 shows two spectra measured from the same
conditions such as the laser pulse energy, the exposure time of the spectrometer, the droplet
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stability, and the synchronization of target and the laser. However, the spectral counts at the
peak from these two conditions are not the same. Since the spectra are measured under manual
delay adjustment, it is possible that the higher spectral count is a result of better laser energy
coupling to the target, and the lower one is a result of slightly poorer coupling, such as the target
is irradiated at slightly earlier or later than the other case. The CE is expected to have higher
value for 4.12(b). The targeting system will ensure the laser trigger timing at 4.12(b) for longer
operation time since the target position is tracked and corrected. In addition, optimizing the laser
intensity will improve the CE [38].
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a)

Sn-doped Droplet Emission Spectrum
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b)

Targeting System Sn-doped Droplet Emission Spectrum
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Figure 4.11: a) Spectrum from tin-doped droplet and b) spectrum from the laser plasma targeting
system tin-doped droplet

4.3.2.2.

Low Debris Generation Conditions

It was found that the generation of the debris from tin-doped target was dependent of the
laser intensity [9]. When the laser intensity was optimum for high EUV emission, the amount of
debris was minimized. Therefore, applying the optimum laser intensity for high CE condition
reduces the amount of debris, hence, extending the collection optics lifetime. Figure 4.13
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compares the two focusing lenses under different laser intensities. (a) is the lens used for high
power EUV generation, under high CE conditions and (b) is the lens used for fiber laser
produced laser plasma case. Two different experiments utilize the same size of the tin-doped
droplet target but the different laser pulse energy and pulse length. The lens used under the
optimum intensity shows negligible debris on the lens surface for large number of plasma
formation. Although power requirements are reachable with tin-doped droplets, plasma particle
emissions can damage optical components of the system.

Thus, EUVL developers try to

eliminate the plasma debris in their sources. The tin-doped droplet size is matched to the laser
spot size in the focal region. In this way, having a laser pulse with the right energy and intensity,
the whole droplet target will be ionized eliminating the formation of small particles and clusters
of debris. If the entire droplet is not ionized, the optical components of the system will suffer a
short lifetime due to the increased EUV absorption of deposited debris on the surface. Figure
4.13 a) shows negligible debris on a 10 cm focusing lens used under operation at optimal
intensity of the targeting system for 3 hours at 6.6 KHz and 7x107 shots. Figure 4.13 b) [39]
illustrates a photograph of a lens under low intensity of a fiber laser system operation after 10
min at 1.8 KHz and 1x106 shots, showing visible debris on the lens surface. The targeting
system will control the laser intensity at the optimum for a long term, as described above. The
debris will also be minimized for a long term. The collection optics reflectivity will last longer
with the targeting system used.
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a)

b)

Figure 4.12: a) laser focusing lens used in an experiment with the Laser Plasma Targeting
System and b) lens used in a low intensity fiber laser system [39]

Mass-limited targets with a diameter of ~ 30 μm containing water based solution and
30% weighted of tin-chloride (SnCl2) are used in order to minimize the effects of target debris.
Assuming that we have no particles emanating from the droplet target, another issue is to protect
the collection mirrors from the ions emitted by the plasma. These ions can be controlled through
mitigation techniques such as applying magnetic fields [40]. Even though debris has been
observed in different forms, ions and small particles or clusters are the main source of debris.
Ions are a consequence of plasma source production and small particles debris are a product of
vaporized material under laser irradiation with low intensity. A large amount of source material
coming from the source plasma will be accumulated on the EUV optics having a laser at high
repetition rate. The debris must be mitigated before EUV optical components are contaminated.
Therefore, the main goal in our system prototype is to eliminate the debris and optimize the CE
to reach the industry source requirements.
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CHAPTER 5:

CONCLUSION AND FUTURE RESEARCH

5.1. Conclusion

This research is an approach to the development of a EUVL high power source. The
Laser Plasma Targeting System is being developed to control and stabilize droplet laser plasma.
The targeting system is installed into the vacuum chamber where two high power diode pumped
solid state lasers are coupled, and EUV diagnostics are installed. The system is calibrated in
terms of the magnification of the imaging systems. The system is tested for multiple long term
operations. With the calibrated system, droplet formation is characterized in terms of the size of
the droplet, the flow rate, the velocity, the drift of the target, and the operation time. The use of
delay circuitry enables the infinite time of the operation since the drift correction is not limited
by any physical constrains such as a translation stage.

Therefore, this targeting system

installation to the EUV source system is an important step forward to high power EUV source
that operates continuous and at long periods of time. Satisfying the source requirements is
reasonably possible with other efforts in the future.

5.2. Future Research

The Laser Plasma Targeting System has accomplished stable target positioning over a
long period of time. This stable target condition will open up several research topics in the
future. These new topics are all related to the EUV source requirements. The challenges remain
for the high level of requirements. EUV power requirement of > 115 W (>180W) at IF is still
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challenging. With optimized CE of 2%, the laser input power will be more than 10 kW, where
even more laser modules are multiplexed and irradiate the target. The targeting system has to
work at higher laser repetition rate. At the same time, the source has to be clean. This targeting
system provides an ideal condition of optics lifetime measurements since the laser-target
coupling conditions over many laser pulses are at the optimum level. The stability of the EUV
power can be measured. These topics are described in the following sections.
It is important to characterize levels of out of band emission in order to estimate the
lifetime operation of the MLM. The study of ion and particle emission from the droplet source
will help mitigate their consequences to the optical components used in the system, especially, to
understand the mirror erosion by debris. This is an important issue that will help improve the
development of this source. In addition, this technology is not only limited to EUVL. Many
other applications can be investigated such as custom-wavelength light sources where unique
wavelength emissions can be achieved.

5.2.1. High Repetition-rate Laser Irradiation

The laser plasma can be produced at a rate beyond 10 kHz. However, all the radiation
characterizations were made in this study with the source operating at 3 KHz. Considering that
droplets were generated at a rate of 30,000 per second, 1 out 10 droplets was ionized to produce
EUV emission. Hence, a higher repetition rate will produce high average EUV power.
Another area to study will be the collection of the emitted radiation with large solid angle
mirrors. This is the second step in order to make this EUV source reliable for the EUVL
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industry. It is thus reasonable to study in future work an experimental set up with high average
EUV power coupled with collection mirrors.

5.2.2. Laser Plasma Targeting System Multiplexing Lasers

In order to achieve a long term operation with several lasers, it is necessary to control the
target positioning with respect to each laser. While the laser beam focusing spot is aligned, the
droplet drifting should be corrected with a signal delay applied to the droplet generator. Another
digital delay would be designed in order to control the trigger signal for a second laser. Figure
5.1 shows the second laser which will target droplets near the one targeted by the first laser.
Adjusting the laser delay will make it possible to ionize closer or further droplets in order to
increase or decrease the EUV intensity emission.

Laser 1

Laser 2

Figure 5.1: Diagram configuration of high power laser multiplexing

Thus, an improvement in the laser plasma targeting system will be to multiplex several
lasers in order to target consecutive droplets, creating high average EUV radiation from different
droplets. Adding several lasers operating at high repetition rates will multiply the average EUV
light emission.
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5.2.3. Conversion Efficiency and Debris Characterization Improvements

There are some areas where more studies need to be done such as the erosion of MLM
surfaces. New techniques to reduce debris will increase the lifetime of the optical components
satisfying the source requirements. Better understanding of the plasma density and temperature
characteristics can be helpful to model the ion emissions. In this way, computer software is an
important tool for this application, analyzing and modeling plasma parameters and ion emission.
In addition, a great feature to add in this system will be to automatically scan the
optimum laser intensity to guarantee the highest CE of the source. This can be accomplished
optimizing the laser pulse shape with the ability to vary the pulse energy. This will allow
modifying the laser intensity at the same focal spot improving the plasma state for EUV
emission.
Even though LPL has studied and measured debris formation, further debris
characterization will help discover different ways to control it and create new mitigation
techniques. Finally, CE and debris measurement should be done in experiments emulating real
operation conditions of the stepper machine geometry maximizing EUV emission while
minimizing debris.
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